Abstract-Semiconductor lasers tend to generate excess intensity noise called the optical feedback noise in addition to the quantum noise. A noise reduction method using an electric positive and negative feedback loop between an optical detector and a semiconductor laser was demonstrated in this paper. The electric positive feedback was set in a high-frequency region, reducing the optical feedback noise, while the electric negative feedback was set in a frequency range lower than the positive-feedback frequency, resulting in the suppression of the quantum noise (optical shot noise). Noise reduction over 100-MHz frequency region and a reduction ability superior to that obtained by the superposition of high-frequency current were confirmed.
I. INTRODUCTION

S
EMICONDUCTOR lasers are used as light sources in an optical pickup system and tend to have problems related to the so-called optical feedback noise, which is induced by the reinjection of output light into a laser followed by reflection at the surface of an optical disc. Semiconductor lasers also reveal the quantum noise, which is inherent in a lasing operation [1] - [3] . This quantum noise is also called the optical shot noise. This quantum noise increases in short-wavelength lasers [4] , such as a blue-violet laser [5] - [7] . A reduction of the quantum noise is also important for the application of short-wavelength lasers.
There are several methods of reducing the intensity noise of semiconductor lasers. The first method is the superposition of high-frequency current on driving current [8] . The second method is the use of a self-pulsing laser [9] . The third method is the application of an electric negative feedback for canceling the fluctuation of optical power [10] .
The first and second methods are effective for reducing the optical feedback noise but not for suppressing the quantum noise. On the other hand, the third method is effective for suppressing the quantum noise but not so effective for reducing the optical feedback noise. Therefore, the authors have proposed a new method called the electric positive and negative feedback (EPNF) method, in which an electric feedback loop from an optical detector to a laser was set with both electrically positive and negative phase relations [11] . The optical feedback noise was reduced by the positive-feedback property, while the quantum noise was suppressed by the negative-feedback property. The frequency range of noise reduction was almost 10 MHz in the first report [11] .
The authors improved the electronic feedback circuit and showed noise reduction over a 100-MHz frequency range based on the EPNF method in this paper. The superior property for noise reduction based on the EPNF method is compared with that of another method called the superposition of high-frequency current.
In Section II of this paper, the mechanism of noise generation is reviewed. In Section III, the mechanisms of noise reduction methods are reviewed. In Section IV, our scheme for applying the EPNF method is introduced. In Section V, noise characteristics with and without the application of the EPNF method are given. Noise reduction over a frequency range of 100 MHz is also demonstrated. In Section VI, the ability of noise reduction by the EPNF method is compared with that by the superposition of high-frequency current. The superior property for noise reduction is proved. In Section V, conclusions are given.
II. MECHANISMS OF NOISE GENERATION
The mechanisms of noise generation in a semiconductor laser are shown in Fig. 1 [12] , [13] . Optical emission always associates fluctuation in the intensity with the particle properties of photons and electrons. This fluctuation is amplified by the stimulated emission and forms the quantum noise. Here, we call the quantum noise to be the noise component inherent in an intrinsic lasing operation [1] - [3] . This type of noise is also called the optical shot noise. However, the term "quantum noise" seems better than the "optical shot noise," because the optical feedback noise is also measured as a series of optical shot pulses for time variation.
The thermal noise in the semiconductor laser is negligible, because the field energy due to thermal excitation is much less than the zero-point energy in the optical frequency range, as shown in [14] (1)
The frequency spectrum of the fluctuation on the optical emission is flat in the dc to microwave region. The frequency spectrum of the quantum noise is also flat in a region lower than that of several hundred megahertz and exhibits the so-called resonance-like peak at several gigahertz [1] . The quantum noise generally decreases with increasing photon number [1] - [3] . However, the quantum noise in short-wavelength lasers is higher than that in long-wavelength lasers for low-power operation, because the photon number decreases with the wavelength when the optical power of is the same [4] .
On the other hand, optical feedback induces a mode competition phenomena among lasing modes. The fluctuation on optical emission is amplified by the mode competition phenomena and generates excess noise called the optical feedback noise [12] , [13] .
The operation of a semiconductor laser under optical feedback is illustrated in Fig. 2 . The cavity length and the effective refractive index of the laser are and , respectively. The distance between the laser and a reflecting mirror is . On the basis of the optical feedback, external cavity modes are induced in addition to the internal cavity modes, as illustrated in Fig. 3 .
The variation of the photon number of mode is given by [12] (2)
Here, is a linear gain coefficient, is a self-saturation coefficient, is a cross-saturation coefficient from mode to mode , is the threshold gain level, indicates the inclusion of dc-like spontaneous emission, and is the fluctuating term on the optical emission counted as the Langevin noise source.
The linear gain coefficient is given as [12] ( 3) with a gain tangential coefficient , a field confinement factor , a transparent carrier density , a coefficient for wavelength dispersion, the wavelength of mode , and the wavelength at the gain peak.
Relation of the self-saturation coefficient to the cross-saturation coefficients among the internal cavity modes is (4) Now, we obtain a dynamic chart from (1), as shown in Fig. 4 , by considering the two modes and . Arrows indicate the flow of the operating point. and are lines indicating the conditions and . The crossing points and are operating points at a steady state. The fluctuating terms and give small movements around the steady points and . Fig. 4 shows that the lasing operation is observed as a single-mode operation but is based on a bistable state. Operation with mode is at point , while operation with mode is at point . or is selected on the basis of an initial situation.
The threshold gain level under optical feedback is given by [13] ( 5) where is a guiding loss in the laser, and are power reflection coefficients at the front and back facets, respectively, is a feedback ratio, is a coupling coefficient into the active region, and is the wavelength of mode . Since the wavelength fluctuates instantaneously, the threshold gain level also varies with the optical feedback. When the variation increases, the operating point jumps to another operating point, as illustrated in Fig. 5 . This phenomenon is called mode hopping. The total photon number is not constant during this mode hopping. Therefore, the instantaneous variation in the total photon number is measured as the optical feedback noise.
Mode competitions among external modes yield the eddy motion of the operating point and increase the noise, as explained in [15] .
III. NOISE REDUCTION METHODS
A. Optical Feedback Noise Reduction
We suppose that the lasing operation is modulated with a high-frequency current component of , which is higher than 100 MHz. Then, the photon number and the electron density are represented as (6) (7) where and are slowly varying terms compared with , and and are high-frequency terms. By substituting (6) and (7) into (2), the variation in is given by (8) with (9) A similar equation is obtained for . When the modulated terms increase, the dynamic chart changes to a monostable state due to increases in and , as shown in Fig. 6 , where is an operating point at the steady state, which indicates the multimode operation of modes and . Under this operating condition, the changes in summed photon number is negligible for variations in and . The optical feedback noise is thus suppressed by the inclusion of the high-frequency components in the lasing operation [15] , [16] .
B. Quantum Noise Reduction
Our experimental setup for noise reduction is shown in Fig. 7 . The light emitted by a laser (LD) is divided by a beam splitter and detected by a photodetector (PINPD1). The detected signal is amplified by an amplifier (Ampl) and electrically fed back to the laser.
Here, we count the total photon number, defined as the sum of photon numbers over all lasing modes, as (10) where is the dc component and is the noise or fluctuating component with an angular frequency . The current injected into the semiconductor laser consists of the dc component and the modulated component due to the electric feedback loop
The fluctuating component is written as (12) where is an original noise term in the photon generation and is a transfer function from the injection current to the photon number.
The modulated component is given by (13) where is the loop gain in the electric circuit from the detected photon number to the injection current including the amplifier.
is an electric noise component generated in the photodetector and at the input port of the amplifier.
is another electric noise component generated at the output port of the amplifier and in the laser.
By relating (11) to (13), the fluctuating component on the photon number is modified to (14) Electric negative feedback is achieved when the loop gain exhibits 180 phase delay as (15) When the loop gain is sufficiently large, the noise on the photon number decreases to (16) Since the electric noise is much less than the quantum nose in the laser, the noise of the laser decreases down to a level lower than that of the original quantum nose.
The reduction of noise down to a level lower than that of the quantum noise is never against the principle of quantum mechanics. We are looking at the intensity noise, and not at the phase noise (or the FM noise), of the optical wave. When the intensity noise is reduced, the phase noise should be increased on the basis of the uncertainty principle for the optical field.
IV. SCHEME OF THE ELECTRIC POSITIVE AND NEGATIVE FEEDBACK
Although the electric negative feedback is effective for reduction of the quantum noise, the optical feedback noise cannot be reduced only by the electric negative feedback. Such a situation may be understood to consider that the function is not a unique function with but is varied by a combination of lasing modes.
Inclusions of the high-frequency terms in the electron density and the photon number are effective for reduction of the optical feedback noise.
Our scheme of the EPNF is illustrated in Fig. 8 . We set the electric feedback loop to be a negative-feedback loop with a phase delay of 180 in the frequency region lower than . The electric feedback loop, including an electronic amplifier, exhibits a larger phase delay for a higher frequency. When the phase delay of the electric feedback loop becomes 360 at the frequency , the loop generates an electric oscillation at , with a condition in (14) , as (17) We utilize this electric oscillation to generate the vibrating terms and in (6) and (7). Thus, we can reduce both the optical feedback noise and the quantum noise by applying the EPNF.
V. NOISE REDUCTION EXPERIMENT
The experimental setup under optical feedback is illustrated in Fig. 7 . The laser (LD) used in Figs. 7 and 9-12 was an InGaN blue-violet semiconductor laser (Nichia), whose lasing wavelength is 410 nm, threshold current is 45.3 mA, and slope efficiency is 1.21 W/A at 25 C. The LD sample was installed in a holder with a mixing circuit for dc and ac currents as well as in a facility for temperature control. A mirror was set to induce the optical feedback. The amount of the optical feedback was controlled with an optical attenuator (ATT). A beam splitter was inserted between the LD and the mirror.
A photodetector (PINPD1, Hamamatsu Photonics, S5973-02), whose cutoff frequency is 1 GHz, and an IC amplifier (Amp1, NEC uPC3226TB), whose gain is 25 dB and GHz, were mounted on a small board for a printed circuit, whose size is 35 mm 35 mm. The length of the optical pass from LD to PINPD1 through the beam splitter was around 7 cm. The length of the cable from Amp1 to LD was around 4 cm. Another photodetector (PINPD2, Hamamatsu Photonics S8591) was used to measure the light intensity and the noise. When the optical feedback was submitted, PINPD2 was placed at the position shown in Fig. 7 . When the optical feedback was not submitted, PINPD2 was placed at the position of the mirror for detecting the output light directly. Noise level was expressed in terms of relative intensity noise (RIN; measured in hertz inverse) given by
The noise spectrum without the optical feedback is shown in Fig. 9 , where a line with open triangles indicates a free operation without the electric feedback. The noise level of this line should be considered as the quantum noise level. The other line with painted circles indicates the noise level obtained when the electric feedback was applied. The sharp increase observed around MHz indicates the positive feedback. The noise at a frequency lower than MHz is markedly reduced by the electric negative feedback.
The frequency for the positive feedback was determined by the total phase delay including LD, PINPD1, Amp1, the optical pass from LD to PINPD1, and the electric cable from Amp1 to LD.
We could increase both and from the previous report indicating that MHz and MHz in [11] , by using a smaller electric IC with a higher cutoff frequency and a shorter cable in the feedback loop.
The noise spectrum under the optical feedback is shown in Fig. 10 . Amount of the optical feedback was adjusted to get the highest value of the optical feedback noise. Levels of the optical feedback noise are given by a line with open squares. The noise level reduced by applying the electric feedback is given by a line with painted circles. The quantum noise level is copied from Fig. 9 . The frequencies of the positive feedback and the upper limit of the negative feedback are MHz and MHz, respectively, which are the same as those in the case without the optical feedback. Noise is markedly reduced at a frequency lower than MHz to a level lower than that of the quantum noise even in the presence of the optical feedback.
The optical feedback ratio was defined as a power ratio from the emitted light to the light returning to the surface of the laser. Variations of noise levels with the optical feedback ratio are shown in Fig. 11 . The threshold current level must be changed with the optical feedback, but the change was less than 1%. The optical feedback noise was reduced even in the presence of a strong optical feedback. The reduced noise level was lower than the quantum noise level when . Variations of noise levels with dc injection current are shown in Fig. 12 . Amount of the optical feedback was adjusted to get the highest value of the optical feedback noise. We find that the quantum noise is very strong in operations with lower powers such as , and is markedly reduced by applying the electric feedback. The reduced noise level is lower than that of the quantum noise in operations up to , at which the output power was 4 mW.
A conventional optical disc system requires output power lower than 2 mW with intensity noise less than Hz for data reading. The output power 2 mW corresponds to in Fig. 12 . Then, our EPNF method satisfies the condition required in the optical disc system.
The optical feedback noise is dominant in operations with and decreases in operations with . However, the rate of decrease becomes less affected by the increase in injection current. This difficulty may be caused by the saturation of the signal amplitude in the electric-positive-feedback loop.
VI. COMPARISON OF REDUCTION ABILITY OF THE EPNF METHOD WITH THAT OF THE HIGH-FREQUENCY CURRENT SUPERPOSITION
The superposition of high-frequency current is popularly used as a method for noise reduction [8] . We compared the ability of noise reduction of the EPNF method with that of the high-frequency current superposition.
The experimental setup for the high-frequency current superposition is shown in Fig. 13 , where an RF oscillator is connected to the LD and an oscilloscope. The light intensity was detected by PINPD2 and monitored by the oscilloscope. The laser (LD) used in Figs. 13-15 was an InGaN blue-violet semiconductor laser (Nichia), whose lasing wavelength is 405 nm, threshold current is 37.4 mA, and slope efficiency is 1.27 W/A at 25 C. The frequency and amplitude of the RF oscillator were adjusted to obtain the shapes similar to those with the oscillating current in the case of the electric feedback given in Fig. 7 . Varying shapes of the light intensities in the two reduction methods are shown in Fig. 14 . The same frequency and amplitude of the light variation were guaranteed for the two reduction methods. The vibrating frequency is MHz.
Variations of noise levels with dc light power are shown in Fig. 15 for the optical feedback ratio . Indeed, the superposition of high-frequency (H.F.) current can reduce the optical feedback noise, but the optical feedback noise level never reaches the quantum noise level. On the other hand, our EPNF method can reduce the noise to a level lower than that of the quantum noise for the operations lower than 6 mW ( ). This difference is based on the role of the electric negative feedback.
The upper limit of the power or the current level to suppress the noise down to a level lower than that of the quantum noise also depends on the optical feedback ratio, as is shown in Figs. 11 and 12. VII. CONCLUSION Generating mechanisms and properties of noise were classified into two types. One is the quantum noise and the other is the optical feedback noise. As an effective noise reduction method, EPNF was proposed and its noise reduction ability was demonstrated. Both the quantum noise and the optical feedback noise were suppressed over a frequency range of 100 MHz. The reduction ability of the EPNF method was compared with that of the superposition of the high-frequency current, and the obtained results indicated that the EPNF method is superior for quantum noise reduction due to the electric negative feedback.
The upper limit of the frequency range of the EPNF method was determined by the phase delay of the electric feedback loop. A wider frequency range may be obtained by making the feedback loop more compact.
